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a  b  s  t r  a  c  t
3D  Ti-mesh  has  been  coated  with  bioceramics  under  different  coating  conditions,  such  as  material  com-
positions  and  micro-porosity,  using  a dip  casting  method.  Hydroxyapatite  (HA),  micro-HA  particles  (HAp),
a bioglass  (BG)  and  their  different  mixtures  together  with  polymer  additives  were  used  to  control  HA-
coating  microstructures.  Layered  composites  with  the  following  coating-to-substrate  designs,  such as
BG/Ti, HA  +  BG/BG/Ti  and  HAp  + BG/BG/Ti,  were  fabricated.  The  bioactivity  of  these  coated  composites
and  the  uncoated  Ti-mesh  substrate  was  then  investigated  in  a  simulated  body  ﬂuid  (SBF).  The  Ti-mesh
substrate  and  BG/Ti  composite  did  not  induce  biomimetic  apatite  deposition  when  they  were  immersed  inioglass
ioactivity
imulated body ﬂuid
patite
SBF for  the selected  BG, a pressable  dental  ceramic,  used  in  this  study.  After seven  days  in SBF,  an  apatite
layer  was  formed  on  both  HA  + BG/BG/Ti  and  HAp  +  BG/BG/Ti  composites.  The  difference  is the  apatite
layer  on  the  HAp  +  BG/BG/Ti  composite  was rougher  and  contained  more  micro-pores,  while  the  apatite
layer  on  the  HA  + BG/BG/Ti  composite  was  dense  and  smooth.  The  formation  of biomimetic  apatite,  being
more  bioresorbable,  is favored  for bone  regeneration.
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. Introduction
Titanium (Ti) has been widely used to make dental and ortho-
edic implants [1] due to its excellent mechanical properties and
hemical stability in the human body environment [2]. Unfortu-
ately, stress shielding occurs when a ﬁxation device, e.g. a solid
ulk Ti implant, has an elastic modulus substantially higher than
hat of the surrounding bone tissue. The modulus of Ti is higher than
hat of the natural bone, and Ti does not promote bone tissue regen-
ration [3]. It is known that bioceramics such as hydroxyapatite
HA) [4], and bioglass (BG) [5] are bioresorbable and able to bond
ith living bone through bone regeneration, and have therefore
een tested clinically as bone substitutes [6]. However, applications∗ Corresponding author. Tel.: +86 24 8368 4533; fax: +86 24 8368 4533.
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f these bioceramics are restricted to non-load bearing implants
ue to their poor ﬂexural strength and fracture toughness [7,8]. It
ppears that Ti and bioceramic composites would be better options
o combine the strength and reliability of Ti and bio-properties of
hose resorbable bioceramics.
Bioceramic-coated Ti composites have been developed by using
arious coating techniques, such as the plasma spray [9–11]
nd sol–gel [12,13] techniques. Bioceramic coatings deposited by
hese techniques are normally thin (e.g. limited to a few hundred
icrons) and dense.
In our previous study [14], we  tried a simple multi-layered dip
asting method in order to increase the HA coating thickness and
reate micro-porous coating structures around 3D Ti-mesh. The
ffective modulus of a HA-coated 3D Ti-mesh (or Ti-mesh rein-
orced HA scaffold) is much less than that of bulk solid Ti, and the
omposite has the attractive bio-properties of HA. The key aspect
f the process is the use of a BG layer to join the micro-porous
A-coating to a dense Ti-mesh.
In this study, we investigated the in vitro bioactivity of the
ioceramic-coated Ti-mesh composites under different coating
onditions, such as BG coating, HA–BG coating, and HAp (HA
articles)–BG coating. HAp is introduced as a means of chang-
ng the coating porosity. Since a bone implant will immediately
ome in contact with body ﬂuids during surgery, far before
one tissue regeneration, it is useful to examine the reactions
etween simulated body ﬂuid (SBF) and various bioceramic
oatings.
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It has been accepted that one essential requirement for an arti-
cial biomaterial to exhibit a bone bonding to living bone is the
ormation of a bone-like apatite layer on its surface in body envi-
onment [15]. In fact, the presence of a bone-like apatite layer on
he surface of an orthopedic biomaterial is considered as a positive
iological response from the host tissue [16]. Previous studies have
roven that SBF, which contains ion concentrations approximately
qual to those in human blood plasma (HBP) and was ﬁrst used by
okubo et al. [17], can well reproduce the in vivo surface changes
n certain biomaterials [18]. So investigating the biological behav-
or of biomaterials in the SBF is considered the most efﬁcient and
conomical way to test their bioactivity in the body environment.
. Experimental
.1. Materials
A commercially pure (cp) Ti-mesh for surgical applications
Grade 2, Baoji INT Titanium Materials Co. Ltd., Baoji, China) was
elected as the Ti substrate in the present study. HA (around 30 nm,
eijing DK Nano S&T Ltd., Beijing, China), BG or pressable den-
al ceramic (9 m,  VITA PM9  Zahnfabirk H. Rauter GmbH KG, Bad
ad Säckingen, Germany) and nano-sized silica (around 10 nm,
igma–Aldrich, St. Louis, MO,  USA) were used as the starting coating
aterials. Polymethylmethacrylate (PMMA) (Sigma–Aldrich) and
tarch were used as micro-pore forming agents. Polyvinylalcohol
PVA) and glycerol were used as binders. More details on the raw
aterials could be found in our previous study [14].
.2. Specimen processing
HA particles (HAp, about 75 m)  were fabricated from the start-
ng HA by a pre-sintering and milling process. HA powder was
ressed in a steel mold, and then the green body was  pre-sintered
t 700 ◦C for 2 h in a mufﬂe furnace. Micro-HA particles, Hap, were
roduced by crushing the pre-sintered HA sample, followed by
ieving to the desired size range.
Three different slurries were prepared by mixing different
eagents, which were used to coat different bioceramic layers on
he Ti-mesh substrate. Slurry A (for bonding on Ti) was  prepared
y mixing 20 vol% of BG, 5 vol% silica, and in total 15 vol% of PVA,
lycerol and starch in 60 vol% of distilled water and ethanol mix.
lurry B (micro-porous HA coating of the outer surface) was  pre-
ared by mixing 20 vol% of HA, 5 vol% of BG, and in total 15 vol%
f PVA, glycerol and starch, 10 vol% of PMMA  micro-particles up to
0 m in diameter in 50 vol% of distilled water and ethanol mix.
lurry C (micro-porous HA coating of the outer surface) was pre-
ared by mixing 20 vol% of HAp, 5 vol% of BG, and in total 15 vol%
f PVA, glycerol and starch, 10 vol% of PMMA  micro-particles up to
0 m in diameter in 50 vol% of distilled water and ethanol mix.
hese slurries were ball-milled for 4 h before being used for the
ip casting. Different 3D Ti-mesh samples were dipped into slurry
, then taken out and left for drying; this process was repeated to
nsure complete 3D coating. Subsequently, the samples were sin-
ered at 700 ◦C for 1 min  in vacuum and cooled down slowly to the
oom temperature. At this stage, the BG/Ti composite was prepared.
c
b
s
able 1
on concentrations and pH in SBF solution and HBP.
Fluid Contents (mM  except for pH)
Na+ K+ Mg2+ Ca2+ Cl−
SBF 142.0 5.0 1.5 2.5 148.
HBP  142.0 5.0 1.5 2.5 103.c Societies 2 (2014) 210–214 211
The BG/Ti composite samples were dipped into slurry B and
lurry C, respectively, then taken out and left for drying. Again,
he process was  repeated to obtain thicker coatings. These samples
ere sintered at 900 ◦C for 10 min  in a mufﬂe furnace and cooled
own to the room temperature. Finally, the HA + BG/BG/Ti compos-
te and the HAp + BG/BG/Ti composite were fabricated. Nano-sized
A starting powders and BG helped to lower the sintering temper-
ture of HA coating, which was  set at 900 ◦C to minimize oxidation
f the Ti-mesh.
.3. SBF immersion
After the as-fabricated composite and Ti substrate were washed
ltrasonically in acetone and deionized water, and dried in oven,
n in vitro bone-like layer growth test was  performed by soak-
ng the samples (sample size approx. 23.5 mm2) at 36.5 ◦C in 30 ml
f SBF in polyethylene bottles for 7 days with stirring but with-
ut refreshing the solution. The chemical compositions and pH of
BF vs. HBP are listed in Table 1. The detailed preparation of SBF
dopted in this study followed the work of Kokubo and Takadama
18].
.4. Phase composition and microstructure characterization
X-ray diffraction (XRD) (Empyrean, PANalytical, the
etherlands, CuK radiation at 40 kV) was performed to ana-
yze the phases in the composite coating surface. Micro-structures
f the as-fabricated composite and Ti substrate were observed
y Field Emission Scanning Electron Microscopy (Zeiss 55, Jena,
ermany). The phases and features of the bone-like layer formed on
he composite surfaces after SBF immersion were carefully exam-
ned by the XRD and FESEM incorporating X-ray microanalysis
sing energy dispersive spectrometry (EDS).
. Results and discussion
.1. Surface microstructures of Ti substrate and as-sintered
omposite before and after SBF tests
Microstructures of the Ti substrate and BG/Ti composite before
nd after SBF treatment are shown in Fig. 1. The original Ti-grid sur-
ace in Fig. 1(a) is very similar to that of the same Ti-substrate after
 days in SBF shown in Fig. 1(b). Similarly, the original surface of
he BG-coated Ti-grid surface in Fig. 1(c) is virtually identical to that
f the BG/Ti composite after 7 days in SBF. Therefore, biomimetic
patite crystal formation or deposition on both Ti and BG surfaces
s negligible, if it ever occurred.
While the speciﬁc BG, selected primarily to seal the Ti substrate
n this study, is not bioactive by itself, the overall bioactivity of the
G/Ti composite can be enhanced by incorporating bioactive HA
owders and pre-sintered micro-HAp into the BG coating. Indeed,
he surface features of both HA + BG/BG/Ti and HAp + BG/BG/Ti
omposites changed after 7 days in SBF because of deposition of
iomimetic apatite crystals.
The surface microstructure of the HA + BG/BG/Ti composite is
hown in Fig. 2(a). Here (HA + BG) implies that the top coating
HCO32− HPO42− SO42− pH
8 4.2 1.0 0.5 7.40
0 27.0 1.0 0.5 7.35–7.45
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fig. 1. The surface features of Ti-mesh substrate and BG/Ti composite before and af
G/Ti  composite; and (d) BG/Ti composite after 7 days in SBF.ontains both HA powder and BG, and thus it is possible that HA
ay  not cover the entire outer surface after sintering. This has been
onﬁrmed in Fig. 2(a), where the rounded smooth areas are BG
egions. Interestingly, after 7 days in SBF, the same surface with
b
a
c
o
ig. 2. The surface features of the HA + BG/BG/Ti and HAp + BG/BG/Ti composites before
omposite after 7 days in SBF; (c) original HAp + BG/BG/Ti composite; and (d) HAp + BG/B
ormations and rougher coating surface.ays in SBF: (a) original Ti substrate; (b) Ti substrate after 7 days in SBF; (c) originaloth HA and BG was  completely covered by a dense and regular
patite crystal coating as shown in Fig. 2(b). This proves that apatite
rystal deposition ﬁrst occurs at the HA sites and then spreads out
ver the entire surface.
 and after 7 days in SBF: (a) original HA + BG/BG/Ti composite; (b) HA + BG/BG/Ti
G/Ti composite after 7 days in SBF, i.e. HAp is associated with coarser apatite grain
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The surface microstructure of the HAp + BG/BG/Ti composite is
uch rougher when pre-sintered micro-HAp particles (instead of
A powders) were embedded in the top (HAp + BG) coating, as can
e seen in Fig. 2(c). In fact, the purpose of using HAp particles
nstead of as-received HA powders is to modify the top coat-
ng microstructures and porosity. Once again, after 7 days in SBF,
he HAp + BG/BG/Ti composite is fully covered by the biomimetic
patite crystal layer with a rougher surface ﬁnish, as in Fig. 2(d).
The size of micro-HAp can be varied to alter the “roughness”
f the apatite-crystal coating and its micro-pore structures, which
an be useful in osseointegration during bone healing. While the
olymer additives and HAp were used to create micro-pores or
penings (around 10 m or less) in the HA coatings, larger open
ores (>100 m)  suitable for bone ingrowth can be generated using
 recently developed HA-coating technique based on dip casting
nd freeze-drying [19]. However, if 3D Ti-mesh structures (with
pening over 600–1000 m)  are considered as Ti-scaffolds, HA
oatings (with micro-pores <10 m)  on the Ti-mesh may  be ade-
uate for bone ingrowth. The 3D composite can be considered
ither as a Ti-mesh reinforced HA-scaffold or as a HA-coated Ti-
caffold.
.2. The phase compositions of apatite-crystal coatingsThe XRD patterns of the HA + BG/BG/Ti composite before and
fter 7 days in SBF are shown in Fig. 3. The as-sintered HA + BG/BG/Ti
omposite in Fig. 3(b) shows peaks of HA, feldspar and leucite,
ig. 3. XRD patterns: (a) apatite-crystal coating over HA + BG/BG/Ti composite,
howing only HA peaks, after 7 days in SBF and (b) original as-sintered HA + BG/BG/Ti
omposite showing the presence of BG.
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ndicating that the surface contains both BG (with bi-phase feldspar
nd leucite) and HA. As there is no Ti peak in Fig. 3(b), the two-layer
A + BG/BG coatings have completely covered the Ti substrate.
After 7 days in SBF, only HA peaks can be detected over
he HA + BG/BG/Ti composite, as in Fig. 3(a), indicating that the
iomimetic apatite crystals have completely covered the composite
urface. These naturally formed apatite crystals are more bioactive
nd more bioresorbable, and thus can potentially lead to faster bone
ealing and regeneration.
An overview and an enlarged surface section of the
A + BG/BG/Ti composite are shown in Fig. 4. While the overview
n Fig. 4(a) only displays the uneven distributions of sintered HA,
xposed BG and micro-pores, the enlarged section in Fig. 4(b)
hows interesting details on the HA formations over the BG matrix.
he HA clusters varying from 1 to 5 m are micro-porous, with
niform micro-pores far less than 500 nm.  The formation of HA
lusters by sintering of HA powders and BG and the associated
ough surface ﬁnish suggest that the micro-open-pore structures
n the HA–BG coating and its roughness can be effectively tailored
y incorporating pre-sintered HAp of different sizes. The smooth
G region in Fig. 4(b) appears to be covered by uniform tiny black
ots. They are not isolated HA powders, but isolated leucite phases
n the continuous feldspar matrix [20].
Surface microstructures of the HA + BG/BG/Ti biocomposite
fter 7 days in SBF are shown in Fig. 5 with different magniﬁca-
ions. The EDS analysis of the apatite-crystal coating compositions
s also displayed. The apatite-coating surface in Fig. 5(a) with a
ow magniﬁcation appears to be dense and smooth, which also
ppears to have regular “grain” structures. Fig. 5(c) with a higher
ig. 4. The surface features of HA + BG/BG/Ti composite: (a) as-sintered surface with
gglomerated HA regions joined by BG and (b) close-up of (a) showing sintered
A-clusters distributed within the BG matrix.
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[21] J. Huang, S.M. Best, W.  Bonﬁeld and T. Buckland, Acta Biomater., 6, 241–249ig. 5. The microstructure of the HA + BG/BG/Ti biocomposite surface after 7 days in
arked surface location in (a); (c) close-up from (a) showing “ﬂuffy” crystal surface
agniﬁcation shows that these “grains” do not have smooth, but
uffy surfaces. Fig. 5(d) with an even higher magniﬁcation shows
hat each “grain” is formed by nano-sized apatite formations. Sim-
lar microstructures were reported previously in the literatures
21–23].
The XRD patterns in Fig. 3(a) and the EDS analysis in Fig. 5(b)
onﬁrm the presence of apatite crystal formations deposited on
he composite surface in SBF. This is because a typical location in
ig. 5(a), Spectrum 1 (or Location 1), shows clearly Ca, P and O peaks,
hile in Fig. 5(b) other peak signals are very weak. According to
he XRD pattern (Fig. 3(a)), only HA crystal is characterized, so the
ompound consisting of Ca, P and O at Location 1 is apatite crystal.
. Conclusions
3D Ti mesh has been successfully coated with HA, BG and their
ifferent mixtures, using a dip casting method. The key role of BG
s to weld the micro-porous HA-coating to the dense Ti-substrate
uring the process of sintering. Being not bioresorbable, the BG
nner coating can effectively seal out the Ti-mesh to prevent the
ossible release of micro-Ti-particles to its surrounding environ-
ent. Bioresorbable HA and HAp in the surface coating can attract
he formation of biomimetic apatite crystals on the outer surface
f the composite, making it more natural and more bioresorbable
hen used as a bone implant.
Our SBF tests show that it is not necessary to coat the entire
uter surface with HA or HAp, but seeding of bioactive HA and
Ap in the BG matrix is sufﬁcient to induce the biomimetic apatite
oating, which can effectively spread over the entire outer surface.
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